Hepatitis C virus (HCV) infection leads to progressive liver disease and is associated with a variety of extrahepatic syndromes, including central nervous system (CNS) abnormalities. However, it is unclear whether such cognitive abnormalities are a function of systemic disease, impaired hepatic function, or virus infection of the CNS. METHODS: We measured levels of HCV RNA and expression of the viral entry receptor in brain tissue samples from 10 infected individuals (and 3 uninfected individuals, as controls) and human brain microvascular endothelial cells by using quantitative polymerase chain reaction and immunochemical and confocal imaging analyses. HCV pseudoparticles and cell culture-derived HCV were used to study the ability of endothelial cells to support viral entry and replication. RESULTS: Using quantitative polymerase chain reaction, we detected HCV RNA in brain tissue of infected individuals at significantly lower levels than in liver samples. Brain microvascular endothelia and brain endothelial cells expressed all of the recognized HCV entry receptors. Two independently derived brain endothelial cell lines, hC-MEC/D3 and HBMEC, supported HCV entry and replication. These processes were inhibited by antibodies against the entry factors CD81, scavenger receptor BI, and claudin-1; by interferon; and by reagents that inhibit NS3 protease and NS5B polymerase. HCV infection promotes endothelial permeability and cellular apoptosis. CON-CLUSIONS: Human brain endothelial cells express functional receptors that support HCV entry and replication. Virus infection of the CNS might lead to HCV-associated neuropathologies.
H epatitis C virus (HCV) is an enveloped positivestrand RNA virus classified in the Hepacivirus genus of the Flaviviridae family. Worldwide, approximately 170 million individuals are infected with HCV that leads to a progressive liver disease. Infection is associated with a variety of extrahepatic syndromes, including cryoglobulinemia, glomerulonephritis, and central nervous system (CNS) abnormalities. 1 Although HCV is primarily a hepatotropic virus, genomic viral RNA has been detected in peripheral blood mononuclear cells, cerebrospinal fluid, and the brain of chronically infected patients with neuropathologic abnormalities (reviewed in Morgello 2 and Weissenborn et al 3 ). At present, there is no small animal model to study HCV pathobiology and studies on tropism are limited to humans. Analysis of HCV sequences derived from peripheral blood mononuclear cells, brain, and liver show tissuespecific differences, suggesting independent evolution at different anatomic sites. 4 -6 Virus tropism is likely to be defined at multiple stages of the viral life cycle, including entry, replication, and assembly. The availability of retroviral pseudoparticles bearing HCV glycoproteins (HCVpp) and the recently reported JFH-1 strain of HCV that replicates and assembles infectious particles in cell culture (HCVcc) have enabled considerable advances in our understanding of the receptors involved in HCV internalization. 7, 8 Recent evidence shows a number of host cell molecules to be important for HCV entry: low-density lipoprotein receptor (LDL-R), tetraspanin CD81, scavenger receptor class B member I (SR-BI), and the tight junction proteins claudin-1 and occludin. 7 To date, the majority of reports have studied HCV replication in hepatocytes or hepatoma-derived cells. However, HCV has been reported to replicate to low levels in nonhepatic cells, 9, 10 suggesting that additional cellular reservoirs exist. In this study, we show that human brain microvascular endothelium, the major component of the blood-brain barrier (BBB), expresses all major HCV entry receptors. Furthermore, 2 independently derived brain microvascular endothelial cell lines support HCV entry and replication, 11, 12 providing a potential mechanism for HCV to infect the CNS.
Materials and Methods

Cells, Reagents, and Clinical Material
Huh-7 and 293T cells were provided by C. Rice (Rockefeller University, New York, NY) and U87 cells by American Type Culture Collection (Manassas, VA). All cells were maintained in Dulbecco's modified Eagle medium supplemented with 10% fetal bovine serum, 1% nonessential amino acids/1% penicillin/ streptomycin (Invitrogen). hCMEC/D3 cells were maintained in complete EGM-2 medium (Lonza, United Kingdom). 12 HBMEC cells were maintained in RPMI supplemented with 10% fetal bovine serum/10% NuSerum and 30 g/mL Endothelial Cell Growth Supplement (BD Biosciences) as well as 1% nonessential amino acids/1% penicillin/streptomycin (Invitrogen). Human umbilical vein endothelial cells and liver sinusoidal endothelial cells were isolated as previously described. 13 Clinical material is further described in Supplementary Materials and Methods.
The primary antibodies were anti-NS5A 9E10 (C. Rice, Rockefeller University), anti-CD81 (2.131), 14 anti-SR-BI (V. Flores, Pfizer), anti-claudin-1 (Abnova and R&D), anti-claudin-1 polyclonal sera, 15 anti-occludin (Invitrogen), anti-ZO-1 (Invitrogen), anti-LDL-R (Progen), anti-apolipoprotein E (mAb23), 16 antivon Willebrand factor (Dako), anti-glial fibrillary acidic protein (Dako), anti-CD63 (Dako), anti-CD163 (Novocastra), and anti-E2 (9/27, 11/27, and 3/11). 17 Immunoglobulin (Ig) from healthy volunteers and chronically HCV-infected donors was purified by protein G affinity chromatography. Fluorescent secondary antibodies Alexa Fluor 488 and 594 anti-mouse, antihuman, anti-rat, and anti-rabbit IgG were obtained from Invitrogen.
Flow Cytometric Analysis of Receptor Expression
For CD81, SR-BI, claudin-1, ZO-1, and LDL-R staining, cells were incubated with monoclonal antibodies at 2 g/mL in phosphate-buffered saline containing 1% bovine serum albumin/0.01% sodium azide for 20 minutes at 37°C. For occludin staining, cells were fixed with 1% paraformaldehyde and permeabilized with phosphate-buffered saline/1% bovine serum albumin/1% saponin. Bound antibodies were detected with Alexa 488 secondary antibodies and quantified by flow cytometry using a FACSCalibur (BD Biosciences) and FlowJo software (TreeStar, Ashland, OR).
Laser Scanning Confocal Microscopy
Sequential 5-m sections of formalin-fixed, paraffinembedded normal brain tissue from 5 subjects were dewaxed and rehydrated and microwave antigen retrieval was performed in EDTA buffer. Cell lines were plated on collagen-coated coverslips (Fisher Scientific, United Kingdom) and 24 hours later fixed with ice-cold methanol (claudin-1, occludin, ZO-1, LDL-R) or 3% paraformaldehyde (CD81). After incubation with primary antibodies (2 g/mL), cells were incubated with Alexa 488 secondary antibodies, counterstained with 4=,6-diamidino-2-phenylindole, and viewed by laser scanning confocal microscopy on a Zeiss MetaHead microscope with a 100ϫ oil immersion objective.
HCVpp and HCVcc Genesis and Infection
Luciferase reporter pseudoparticles expressing a panel of HCV envelope glycoproteins (HCVpp), vesicular stomatitis virus G glycoprotein (VSV-Gpp), or a no-envelope control were generated as previously reported. 17 Virus-containing medium was added to cells in 96-well plates seeded at 7.5 ϫ 10 3 cells/cm 2 and incubated for 72 hours. Cells were lysed, and luciferase activity was measured (Lumat LB9507 luminometer). Infectivity is expressed as relative light units, where the no-envelope signal is subtracted from HCVpp or VSV-Gpp signals.
Plasmids encoding chimeric SA13/JFH 18 or J6/JFH 19 were used to generate RNA as previously described. 19 Briefly, RNA was electroporated into Huh-7.5 cells, and supernatants were collected at 72 and 96 hours and stored at Ϫ80°C. Infected cells were fixed with ice-cold methanol and stained for NS5A with monoclonal antibody 9E10 and isotype-matched Alexa 488 -conjugated anti-mouse IgG2a. NS5A-positive foci were enumerated, and infectivity was expressed as focus-forming units per milliliter.
Neutralization of HCV Infection
Cells were seeded in 96-well plates at 7.5 ϫ 10 3 cells/cm 2 . After 24 hours, cells were incubated with anti-receptor or irrelevant IgG control monoclonal antibodies at 10 g/mL for 1 hour, and HCVcc or HCVpp was added and incubated for 72 hours. Anti-E2 monoclonal antibodies or HCV-positive IgG were incubated with virus for 1 hour before infecting target cells. Alternatively, cells were incubated with virus for 8 hours, unbound virus was removed by washing, and cells were incubated with neutralizing antibodies. For HCVpp, cells were lysed and luciferase activity was measured. For HCVcc, cells were fixed with ice-cold methanol and stained for NS5A. The percent neutralization was calculated relative to the irrelevant IgG.
Real-Time Reverse-Transcription Polymerase Chain Reaction
Purified cellular or tissue RNA samples were amplified for HCV RNA (Primer Design Ltd) in a quantitative reversetranscription polymerase chain reaction (qRT-PCR) as per the manufacturer's guidelines (CellsDirect Kit; Invitrogen) and fluorescence was monitored in an MxPro-3000 PCR machine (Stratagene). Comparison of a panel of housekeeping genes in brain and liver RNA confirmed GAPDH as a stably expressed reference gene. Hence, GAPDH was included as an endogenous control for amplification efficiency and RNA quantification. The assay cutoff was 100 copies.
Permeability and Apoptosis Assays
hCMEC/D3 cells were seeded on collagen I-coated Transwell filters (0.4 m; pore size, 1.1 cm 2 ; Sigma-Aldrich) and cultured as described. 20 Cells were infected with HCVcc, with or without prior incubation with anti-HCV IgG for 48 hours, or a combination of tumor necrosis factor ␣ and interferon gamma for 24 hours before measuring paracellular permeability by using the clearance method. 21 hCMEC/D3 and Huh-7 cells were seeded on collagen-coated coverslips and infected with J6/JFH or SA13/JFH. After 72 hours, cells were fixed and terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick-end labeling (TUNEL) staining was performed as per the manufacturer's instructions (Invitrogen).
Statistical Analysis
Statistical analyses were performed using Student t test in Prism 4.0 (GraphPad, La Jolla, CA), with P Ͻ .05 considered significant.
Results
HCV RNA Load in Brain and Liver Tissue
To quantify HCV RNA levels in the brain and liver of infected subjects, cellular RNA was extracted from human brain (cerebellum, medulla, white and grey matter) and liver from 10 HCV-infected and 3 uninfected subjects as previously described. 22 HCV RNA was amplified from the liver sample of all infected subjects tested but not from HCVseronegative individuals. HCV RNA was detected in brain tissue from 4 of 10 HCV-infected individuals, independent of human immunodeficiency virus (HIV) status (Table 1 ). In those individuals in whom HCV was detectable in the brain, viral RNA quantities were 1000 to 10,000 times lower than in the matched liver samples (Table 1) .
Human Brain Endothelium Express HCV Receptors
To investigate the expression of HCV receptors in the brain, sequential sections from normal and HCV-infected brain samples were stained with antibodies specific for HCV receptors and cell lineage markers: von Willebrand factor (endothelium), glial fibrillary acidic protein, CD68 (macrophages/microglia), and CD163 (perivascular macrophages). Microvascular endothelium costained with endothelial-specific von Willebrand factor and HCV receptors CD81, SR-BI, claudin-1, occludin, and LDL-R ( Figure 1 and Supplementary Figure 1) . Comparable patterns of viral receptor staining were observed independent of HCV status. CD81, claudin-1, and occludin were also expressed on neurons and CD81 on astrocytes. In contrast, SR-BI expression was restricted to microvascular endothelium (Supplementary Figure 1) .
Human Brain Endothelial Cells Support HCV Entry and Replication
Two independently derived brain microvascular endothelial cell lines, hCMEC/D3 and HBMEC, 11, 12 express all the HCV entry factors (Figure 2A-C) . In contrast, human umbilical vein endothelial cells and liver sinusoidal endothelial cells express low levels of SR-BI and undetectable claudin-1 ( Figure 2C ), suggesting that expression of the full complement of HCV receptors is specific to brain endothelial cells. Costaining of brain endothelial cells with antibodies specific for CD81, SR-BI, and claudin-1 confirmed expression of all receptors (Supplementary Figure 2) .
To ascertain whether viral receptors on brain endothelial cells are functionally active, we studied the ability of HCVpp to infect brain endothelial cells. HCVpp infected hCMEC/D3, HBMEC, primary hepatocytes, and control Huh-7 hepatoma cells, whereas there was no detectable luciferase signal in human umbilical vein endothelial cells and liver sinusoidal endothelial cells ( Figure 3A ). VSVGpp infected all cells with different efficiencies, most likely reflecting cell type-dependent differences in reporter expression. Normalizing HCV infection relative to VSV-G shows comparable HCV entry rates in brain endothelial cells and primary hepatocytes ( Figure 3B ). Furthermore, HCVpp expressing diverse envelope glycoproteins cloned from several acutely infected subjects infected hC-MEC/D3 cells ( Figure 3C ). HCVpp infection of hC-MEC/D3 or HBMEC was inhibited by anti-HCV E2 and patient-derived pooled Ig, confirming glycoprotein-dependent entry ( Figure 3D ). To investigate the receptor dependency of HCVpp infection of brain endothelial cells, we assessed the ability of monoclonal antibodies specific for 116  117  118  119  120  121  122  123  124  125  126  127  128  129  130  131  132  133  134  135  136  137  138  139  140  141  142  143  144  145  146  147  148  149  150  151  152  153  154  155  156  157  158  159  160  161  162  163  164  165  166  167  168  169  170  171  172  173   T1   F1   116  117  118  119  120  121  122  123  124  125  126  127  128  129  130  131  132  133  134  135  136  137  138  139  140  141  142  143  144  145  146  147  148  149  150  151  152  153  154  155  156  157  158  159  160  161  162  163  164  165  166  167  168  169  170  171  172  173   F2   F3 viral receptors to neutralize infection. Antibodies specific for CD81, SR-BI, and claudin-1 significantly reduced HCVpp infection of hCMEC/D3 and HBMEC ( Figure 3D ) but had no effect on VSV-Gpp infection (Supplementary Figure 3) , showing a common receptor-dependent pathway of entry in these cell lineages.
Given the permissive nature of brain microvascular endothelial cells for HCV glycoprotein-dependent pseudoparticle infection, we investigated their ability to support replication of 2 chimeric HCVcc JFH-1 viruses expressing genotype 2a strain J6 19 or genotype 5a strain SA13 structural proteins. 18 As controls, we included permissive Huh-7 and nonpermissive U87 cell lines. 10 Cells were incubated with increasing concentrations of virus, fixed and infection visualized by staining for viral nonstructural protein NS5A. Both HCV strains infected hC-MEC/D3 cells with an approximate 100-to 300-fold reduced titer compared with Huh-7 cells ( Figure 4A) . HCVcc showed a 100-fold reduced titer in HBMEC compared with hCMEC/D3 cells. Interferon alfa inhibited HCVcc infection of all cell lines ( Figure 4A ). Unsurprisingly, we failed to detect NS5A in U87 cells (data not shown). To confirm de novo HCV replication and ascertain the sensitivity of endothelial cells to antiviral agents, we compared the ability of several protease and polymerase inhibitors to inhibit HCV replication in hCMEC/D3 and Huh-7 cells. All antiviral agents significantly reduced HCV infection of both cell types ( Figure 4B) , with the majority of agents showing greater efficacy in hCMEC/D3 cells.
Pretreatment of hCMEC/D3 and Huh-7 cells with antibodies specific for CD81, SR-BI, or claudin-1 significantly reduced HCVcc infection ( Figure 4C ), confirming our earlier observations with HCVpp. Infectious HCVcc particle assembly is dependent on the lipoprotein synthesis machinery of the host cell leading to the genesis of lipoviral particles. 23 Several reports have shown a key role for apolipoprotein E (ApoE) in HCV assembly and entry. 8, 24 Because ApoE is known to bind SR-BI and several members of the LDL-R family, we investigated the effect(s) of antibodies targeting ApoE and LDL-R on HCV infection of hCMEC/D3. Anti-ApoE and anti-LDL-R significantly reduced infection of hCMEC/D3 while showing a more modest effect on Huh-7 cells ( Figure 4C ).
To investigate whether HCV initiates a spreading infection in hCMEC/D3, virus was allowed to enter and infect endothelial or Huh-7 cells for 8 hours, unbound virus was removed by extensive washing, and receptor-specific neutralizing antibodies were added. Virus-infected cells were incubated for 72 hours to allow secondary transmission events to occur and the number of NS5A-expressing infected cells enumerated. Infected foci of NS5A-expressing hCMEC/D3 cells were readily observable, indicating viral spread ( Figure 4C ). Although receptor-specific antibodies reduced primary infection of hCMEC/D3 cells, antibodies specific for CD81 or ApoE significantly reduced secondary infection, showing a role for cellular CD81 and virusassociated ApoE in viral dissemination between brain endothelial cells ( Figure 4D ). This ApoE dependency in the endothelial cultures is consistent with endogenous ApoE expression in hCMEC/D3 cells (data not shown).
To confirm a productive infection of brain endothelial cells, HCV SA13/JFH-infected hCMEC/D3 or Huh-7 cells were sequentially harvested to quantify the frequency of NS5A-expressing cells and HCV RNA levels over time. HCV RNA was first detected in hCMEC/D3 cells at 24 hours and levels increased significantly by 48 hours, in parallel with the increasing number of NS5A-expressing cells ( Figure 5 ). There was no detectable viral RNA at 12 hours after infection, showing de novo rounds of viral replication. HCV RNA and NS5A expression in Huh-7 cells increased over time (Figure 5 ). At 48 hours, the level of HCV RNA in Huh-7 cells was approximately 1000-fold higher than in hCMEC/D3 cells ( Figure 5A ). However, normalizing HCV RNA to the number of NS5A-positive cells in each culture at 48 hours showed 133 and 1067 copies/infected cell for hCMEC/D3 and Huh-7 cells, respectively, reflecting only a ϳ10-fold difference in viral genomic burden for the 2 cell types.
miR-122 is a liver-specific microRNA that is required for efficient HCV replication and is considered a therapeutic target for antiviral intervention. 25 qRT-PCR confirmed that miR-122 was not detectable in human brain tissue, whereas abundant levels were observed in all liver samples studied. We failed to detect miR-122 expression in hCMEC/D3 cells by qRT-PCR or Northern blot (Supplementary Figure 4A-C) . Importantly, transfection of hCMEC/D3 to express functionally active miR-122 RNA duplexes 25 failed to promote HCV infection (Supplementary Figure 4D-F) , showing that HCV replication in hCMEC/D3 cells is miR-122 independent.
Brain Endothelial Cells Release Infectious Virus
To ascertain whether brain endothelial cells can release virus that is infectious for hepatocytes, hCMEC/ D3, Huh-7, or nonpermissive U87 cells were infected with HCVcc SA13/JFH for 12 hours at a comparable multiplicity of infection and unbound virus was removed by washing. Virus-infected cells were incubated at 37°C for 72 hours, extracellular medium was collected, and cells were fixed and stained for NS5A. Levels of infectious virus in the medium 232  233  234  235  236  237  238  239  240  241  242  243  244  245  246  247  248  249  250  251  252  253  254  255  256  257  258  259  260  261  262  263  264  265  266  267  268  269  270  271  272  273  274  275  276  277  278  279  280  281  282  283  284  285  286  287  288  289   C  O  L  O  R   232  233  234  235  236  237  238  239  240  241  242  243  244  245  246  247  248  249  250  251  252  253  254  255  256  257  258  259  260  261  262  263  264  265  266  267  268  269  270  271  272  273  274  275  276  277  278  279  280  281  282  283  284  285  286  287  288  289 were determined by inoculating naïve Huh-7.5 cells. Similar numbers of HCV-infected hCMEC/D3 and Huh-7 cells were observed; however, the level of infectious virus released from hCMEC/D3 cells over an 8-hour period was 68 focus-forming units, compared with 1680 focus-forming units released from Huh-7 cells (Supplementary Figure 5) . We attempted to inoculate naïve hCMEC/D3 cells with viral supernatant from HCVcc-infected hCMEC/D3 cells and failed to detect infection, most likely because of the low levels of virus released from infected hCMEC/D3 cultures (data not shown). To ascertain whether the low levels of infectious virus in the hCMEC/D3 culture medium could be attributed to a persisting viral inoculum, we titered the extracellular media collected from virus-inoculated U87 cells and failed to detect infectious virus. Furthermore, medium collected 12 hours after virus inoculation contained no detectable infectious virus. In summary, these data show that brain endothelial cells release low levels of HCV that are infectious for hepatoma cells.
HCV Increases Endothelial Cell Permeability
To investigate whether HCV infection affects hCMEC/D3 paracellular permeability, confluent cells were allowed to polarize and 70-kilodalton fluorescein isothiocyanate/dextran flux was measured. Human tumor necrosis factor ␣/interferon gamma treatment or HCV infection significantly increased hCMEC/D3 paracellular permeability ( Figure 6A) , showing that HCV can disrupt endothelial cell integrity. Neutralization of HCV infection with pooled anti-HCV patient Ig restored hCMEC/D3 impermeability, showing a direct effect of infection ( Figure 6A ). We noted that HCV-infected hCMEC/D3 cells showed evidence of cytopathicity in association with NS5A expression. To ascertain whether HCV induced apoptosis, we stained infected hCMEC/D3 and Huh-7 cells for DNA strand breaks using TUNEL. A low frequency of HCV-infected Huh-7 cells stained positive for both TUNEL and NS5A. 26 In contrast, all the NS5A-positive endothelial cells were TUNEL positive, showing a direct effect of infection on brain endothelial cell apoptosis ( Figure 6B ).
Discussion
HCV infection leads to progressive liver disease, which has been associated with extrahepatic syndromes, including CNS abnormalities. 3 There is a growing body of 290  291  292  293  294  295  296  297  298  299  300  301  302  303  304  305  306  307  308  309  310  311  312  313  314  315  316  317  318  319  320  321  322  323  324  325  326  327  328  329  330  331  332  333  334  335  336  337  338  339  340  341  342  343  344  345  346  347   290  291  292  293  294  295  296  297  298  299  300  301  302  303  304  305  306  307  308  309  310  311  312  313  314  315  316  317  318  319  320  321  322  323  324  325  326  327  328  329  330  331  332  333  334  335  336  337  338  339  340  341  342  343  344  345  346  347   F6 literature on mild neurocognitive impairment in chronic HCV infection that is independent of hepatic encephalopathy. 27 However, there is a lack of studies to investigate whether cells of the CNS support HCV replication. In this study, we report that all of the essential HCV receptors are expressed on brain microvascular endothelial cells. Indeed, the microvascular endothelia were the only cell type in the brain that expressed all the factors required for HCV entry. To our knowledge, this is the first study to investigate the expression of HCV receptors in the human brain. Microvascular endothelial cells are a major component of the BBB 28 and may provide a portal for HCV to infect the CNS. Quantification of HCV RNA from matched samples of white and grey matter, cerebellum, medulla, liver, and plasma revealed that, in clinical samples with detectable brain HCV, the viral load was 1000-to 10,000-fold lower in brain compared with liver from the same subject. HCV RNA was detected in at least one brain region from 4 of 10 HCV-infected subjects, independent of HIV coinfection status. Although quantities of viral RNA from the brain and liver varied widely between clinical samples, in general a lower viral load was associated with a higher postmortem interval, suggesting RNA degradation in some samples over time. Variation between brain-, plasma-, and liver-derived HCV E1 and 5= untranslated region sequences has previously been reported in this cohort, supporting the hypothesis that HCV replicates and evolves within the brain. 29 However, care is needed when interpreting the physiologic relevance of detecting HCV RNA genomes. It is worth noting that 6 HCV-infected subjects had no detectable viral RNA in the brain, despite having comparable levels of viral RNA in the liver and plasma (Supplementary Materials and Methods) to 4 subjects with no detectable HCV RNA in the brain.
There have been significant difficulties in visualizing HCV antigen-expressing hepatocytes in the liver that most likely reflect the low viral burden at a cellular level. 30, 31 Our quantification of HCV RNA in brain tissue compared with liver suggests that detecting HCV antigen in the brain will be technically challenging, and current imaging methodologies lack the sensitivity to reliably detect HCVinfected cells in the CNS. Indeed, our attempts to show NS3 or NS5A HCV antigen in brain or liver samples from subjects in this study have failed to provide robust signals (data not shown). Previous studies have reported the presence of HCV RNA in microglia and astrocytes isolated using laser capture microdissection. 32, 33 However, our experiments show that astrocytes and microglia lack expression of several receptors required for HCV entry. 10 Our studies show that 2 independently derived brain microvascular endothelial cell lines, hCMEC/D3 and HBMEC, support HCVpp entry. Infection was inhibited by antibodies specific for CD81, SR-BI, claudin-1, or E2 glycoprotein, showing a common receptor-dependent entry pathway to that reported for hepatocytes and hepatomaderived cell lines. 34, 35 These observations, along with our recent report that neuroepithelioma cell lines derived from peripheral tumors support efficient HCVpp infection, 10 show that viral entry is not restricted to hepatocytes. Importantly, messenger RNA and protein profiling databases show that CD81, SR-BI, claudin-1, and occludin are expressed in epithelial and endothelial cells from various tissues, 36, 37 raising the possibility that other cell types may support HCV infection. Our data support the presence of functional entry receptors in BBB endothelial cells but not endothelial cells derived from umbilical vein and liver sinusoids.
Given the permissivity of brain endothelial cells for HCVpp entry, we investigated their ability to support HCVcc replication. HCV-infected hCMEC/D3 cells release low levels of virus that can infect hepatoma cells and showed evidence for a spreading infection that is CD81 dependent. Recent reports highlighting the role of ApoE in HCV assembly 8, 24 and the targeting of ApoE-containing nanoparticles across the BBB 38,39 prompted us to investigate a role for ApoE in brain endothelial cell infection. Interestingly, antibodies targeting ApoE effectively neutralized HCV infection of hCMEC/D3 cells, despite mod- . HCV increases brain endothelial permeability and apoptosis. hCMEC/D3 cells were cultured on permeable filters and infected with HCVcc SA13/JFH for 72 hours or treated with recombinant human tumor necrosis factor ␣ and interferon gamma at 10 ng/mL for 24 hours. Paracellular permeability to fluorescein isothiocyanate/dextran 70 kilodaltons was measured. (A) HCV induced a significant increase in permeability (P Ͻ .001), which was inhibited by anti-HCV Ig (P Ͻ .05). Significant increases in permeability were also observed in response to tumor necrosis factor ␣/interferon gamma (IFN-␥). (B) hCMEC/D3 and Huh-7 cells were infected with HCVcc SA13/JFH for 72 hours at comparable multiplicities of infection and costained for NS5A (red) and DNA strand breaks by using TUNEL (green). Although some apoptosis was associated with HCV-infected Huh-7 cells, apoptosis was pronounced in infected hCMEC/D3 cells. Data are representative of 3 independent experiments. est neutralization of Huh-7 cells, suggesting a greater role for ApoE in virus infection of brain endothelial cells.
The BBB limits the passage of substances from blood to the CNS by the presence of tight junctions between endothelial cells and by receptor-mediated efflux transport systems that restrict the entry of hydrophilic molecules to the brain. 28 Multidrug resistance proteins, including Pglycoprotein, restrict the transport of many drugs across the BBB, including antivirals that may contribute to the development of "sanctuary sites," allowing pathogens (eg, HIV-1) to replicate in the brain of drug-treated patients. 40 In the present study, HCV replication was inhibited by antiviral agents targeting NS3 protease and NS5B polymerase enzymes in vitro.
Disruption of BBB integrity can lead to an infiltration of pathogens, cytokines, and immune cells to the brain parenchyma as reported for HIV-1 and West Nile viruses. 41, 42 hCMEC/D3 infection led to increased HCV RNA and antigen expression over time, with a cytopathic effect that associated with TUNEL staining and increased permeability to the paracellular permeability marker FD-70. These data support a model in which HCV infection may compromise BBB integrity, with implications for brain homeostasis in HCV infection.
In conclusion, we show that brain microvascular endothelium expresses all the major viral receptors required for HCV infection. Two brain endothelial cell lines support HCV entry and replication, in which infection is inhibited by HCV receptor-specific antibodies, interferon, and specific antiviral agents. The observation that HCV-infected hCMEC/D3 cells release low levels of infectious virus and show evidence of apoptosis supports a model in which the BBB may provide an extrahepatic target for infection, and HCV may directly induce neuropathology in vivo.
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